Abstract. Gastric cancer is a highly heterogeneous disease and the second leading cause of cancer-associated mortality. However, the genomic basis of gastric cancer is not completely understood and the underlying genetic heterogeneity has not been well studied. In the present study, 1,021 genes were sequenced and the somatic mutations of 45 formalin-fixed, paraffin-embedded gastric adenocarcinoma samples were assessed using next-generation sequencing technologies. In the present study, a median sequencing coverage depth of 708-fold was achieved. Somatic genomic alterations were detected in 37/45 patients (82.4%) and the most frequent genetic alterations identified were tumor protein P53 (TP53) gene mutations. Mutations in MLL4, ERBB3, FBXW7, MLL3, MTOR, NOTCH1, PIK3CA, KRAS, ERBB4 and EGFR were also detected. Patients with TP53 mutations had a higher number of somatic mutations, and the total number of somatic mutations was weakly correlated with patient age. These results provided data on the intratumoral heterogeneity of gastric cancer and may be used in order to develop personalized cancer therapy.
Introduction
Gastric cancer is the second leading cause of cancer-associated mortality globally (1) . The incidence of gastric cancer is particularly high in Eastern Asian countries, including China, Japan and Korea, as well as in South America (1) . Of these countries, China has the highest overall incidence (1) . Gastric cancer is a highly heterogeneous disease that can be categorized into two major histological subtypes, intestinal and diffuse, on the basis of the Lauren classification (2, 3) . It has been reported that genomic or molecular classifications are important for evaluating the curative effects and prognosis of gastric cancer (4) . Aberrant genetic and molecular changes occur during oncogenesis and gastric cancer progression, some of which are representative of therapeutic targets, including human epidermal growth factor receptor 2 (HER-2), MET proto-oncogene, receptor tyrosine kinase (MET) and vascular endothelial growth factor receptor (VEGFR) (5) . However, despite advances in targeted therapy, the curative effect of treatments has not improved (6) . When developing targeted therapies for gastric cancer, somatic mutations that occur with low frequencies may be lost to screening as certain detection approaches have high detection limits (3) .
Recent genomic studies have identified four molecular subtypes (MSS/EMT, MSI, MSS/TP53+ and MSS/TP53-) of gastric cancer that are associated with distinct patterns of disease progression and prognosis (4) . The Cancer Genome Atlas (TCGA) study also reported 4 genetic subgroups (7) . The chromosomal instability (CIN) classification is present in ~50% of cases and is associated with intestinal morphology, as well as a high frequency and density of p53 mutations. The genomically stable (GS) classification is present in 20% of cases and is associated with diffuse histology, as well as CDH1 and RhoA mutations. A further 20% of cases are MSI and are associated with hyper mutations of somatic DNA (7) . Finally, 10% of cases are associated with Epstein Barr virus and have a high frequency of PIK3CA and ARID1A mutations (7) . It may be possible to illustrate the mutation pattern of gastric cancer through the comprehensive analysis of multiple studies, and molecular markers that may aid in guiding patient management. Historically, mutations have been profiled using Sanger sequencing, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and microarrays. The Sanger sequencing method generates a precise base sequence, typically <1,000 base pairs (bp) in one sequencing run (8) . As a result, only mutations within this short sequence can be detected at any one time. The heterogeneity resolution rate of Sanger sequencing is relatively high, at 15-20% (9,10). However, Sanger sequencing for a large number of genes is expensive and labor-intensive. qPCR has a higher resolution rate when it comes to analyzing low frequency mutations compared with Sanger sequencing (11) . However, qPCR can only profile one locus with known alleles in each reaction, making it expensive and time-consuming for sequencing multiple genes. Microarrays are an efficient parallel profiling approach for analyzing large heterogeneous loci (12) . However, the high detection limit restricts the application of microarrays for somatic mutation profiling. Next-generation sequencing (NGS) technologies are low cost with good throughput and resolution rates. NGS may therefore be used to overcome the problems associated with other sequencing methods and provide accurate information regarding gene mutations to aid in treatment decisions (13) . NGS can be used to investigate multiple genes simultaneously with only small amounts of DNA that can be obtained from a variety of specimens, including formalin-fixed, paraffin-embedded (FFPE) tissues, and NGS has an improved sensitivity compared with routine technologies.
It has been reported that genetic alterations result in heterogeneous disease states in human cancer, and investigating this heterogeneity is essential for understanding the potential mechanisms of oncogenesis and developing effective treatments (14) . A number of studies have reported that genetic mutations occur in oncogenes and tumor suppressor genes in gastric cancer (15) (16) (17) . A number of genes, including TP53 and HER-2, have been identified as driver genes in gastric cancer (18) . However, the association between somatic mutations and clinical features has not yet been completely elucidated. It is therefore important to profile the somatic mutation pattern of driver genes and potential driver genes in gastric cancer. TP53 is the most frequently mutated gene in human cancer, with alterations occurring in ~50% of all cases of cancer (19) . TP53 serves a fundamental role in regulating cellular processes involved in the inhibition of proliferation, and maintaining genome integrity and stability (20) . TP53 mutations have been reported in gastric cancer, suggesting that it may be an effective biomarker for this disease (4, 21, 22) . However, the mutation patterns of TP53 have been demonstrated to differ within the same tumor sample, and intratumoral heterogeneity exists in TP53-inactivation mechanisms (3) . The association between TP53 mutation patterns and clinical features is obscure and it is unknown whether TP53 mutations influence the other genes. Using whole-exome sequencing, it was demonstrated that inactivating mutations in cell adhesion and chromatin remodeling genes are also frequent (16) .
To improve our understanding of the genomic basis of gastric cancer and to identify the underlying genetic heterogeneity, NGS technologies were used to screen genetic mutations in potential driver genes from 45 FFPE gastric adenocarcinoma samples. In total, 1,021 cancer-related genes, including certain known oncogenes and tumor suppressor genes, were sequenced with a median sequencing coverage depth of 708-fold. Over 80% of the samples were demonstrated to exhibit at least one somatic genomic alteration. In the present study, TP53 was the most frequently mutated gene, and patients with TP53 mutations had a significantly higher number of mutations.
Materials and methods
Patients and tissue sample collection. A total of 45 patients with gastric cancer were recruited from the Department of General Surgery of Nanjing Medical University Affiliated Cancer Hospital (Nanjing, China) between January 2013 and December 2013 (39 males and 6 females). The median age at diagnosis was 60 years (range, 32-79 years). All patients provided written informed consent and were diagnosed using histology. The present study was approved by the Ethics Committee of Jiangsu Cancer Hospital (Nanjing, China).
A total of 45 human gastric cancer tissues were analyzed using target capture and NGS. Germ-line DNA from matched adjacent non-cancerous tissues was used as a reference sequence to detect somatic alterations.
Gastric tumor specimens were harvested from three anatomical locations: 15 from the antrum (33.33%), 19 from the body (42.22%) and 11 from the cardia (24.44%). At least two senior pathologists from the department of Pathology, Jiangsu Cancer Hospital (Nanjing, China), reviewed all histopathological diagnoses independently. In the present study, 14 (31.11%) cases were classified as diffuse-type, 26 (57.78%) as intestinal-type, and 5 (11.11%) as mixed intestinal and diffuse histology. The clinical stage was determined according to 7th National Comprehensive Cancer Network guidelines (23) . Of the 45 samples collected, 5 (11.11%) were determined to be stage I, 6 (13.33%) were stage II, and 34 (75.56%) were stage III. Patients had a median follow-up time of 39 months.
DNA extraction and target capture sequencing. Human gastric cancer tissues were fixed in 10% formalin up to 24 h at room temperature. Genomic DNA was isolated from FFPE tumor samples and matched non-cancerous tissues using the QIAamp DNA FFPE Tissue kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's protocol. The DNA concentration was measured using the Qubit dsDNA HS (High Sensitivity) assay kit in the Qubit fluorometer (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). To test the DNA integrity, 200 ng extracted DNA was loaded onto the 1% agarose gel with λ-Hind III digest DNA marker (Takara Biotechnology Co., Ltd., Dalian, China). The DNA samples that were longer than the second largest bonds (9,416 bp) of λ-Hind III digest DNA marker were considered as integrated samples and were used for subsequent analysis.
A panel was designed, including exons of 1,017 genes, as well as introns, promoters and fusion regions of 24 genes. In brief, the panel comprised recurrent mutated genes in gastric cancer as recorded in the COSMIC database (http://cancer. sanger.ac.uk/cosmic), oncogenes and tumor suppressor genes associated with tumorigenesis and metastasis in gastric cancer (16, 24) , and genes associated with other cancer types as recorded in the TCGA network (https://cancergenome.nih. gov/).
Library constructions were prepared using protocols recommended in the Illumina TruSeq DNA Library Preparation kit (Illumina, Inc., San Diego, CA, USA) using 1 µg DNA isolated from FFPE tumor samples. DNA was sheared prior to using an ultrasonoscope with a peak of 250 bp, followed by end repair. Fragments were then ligated to the Illumina-indexed adapters according to the standard library construction protocol. Custom-designed biotinylated oligonucleotide probes (Roche NimbleGen, Inc., Madison, WI, USA) covering ~1.1 M bp of 1,021 genes were used to capture target sequences in the libraries. DNA sequencing was performed with 2x150 bp paired-end reads on the HiSeq 3000 sequencing system (Illumina, Inc.).
Sequencing data analysis.
Terminal adaptor sequences and low-quality reads were removed from the raw data. The clean reads were aligned to the human genome build GRCh37 using BWA software version 0.7.12-r1039 (25, 26) . Somatic single nucleotide variants (SNVs) and somatic small insertions and deletions (Indels) were generated using MuTect version 1.1.4 (27) and GATK version 3.4-46-gbc02625 (28), respectively. Candidate somatic mutations were SNVs and Indels where the variant allele fraction (VAF) was ≥2% and there were ≥5 high-quality reads (Phred score ≥30, mapping quality ≥13, and without paired-end reads bias) containing the target base. The candidate mutations were annotated to genes using ANNOVAR software (29) to identify the mutated protein-coding position and exclude intronic and silent changes. Missense, nonsense, frameshift, spans, splicing, cds-del, cds-ins, stop-gain and stop-loss mutations were retained. CONTRA v2.0.8 (30) was used to detect copy number variants (CNVs) and a manual visual inspection step was performed to further remove artifactual changes.
Statistical analysis of clinical and genetic data. All statistical analyses were performed using SPSS version 19.0 (IBM Corp., Armonk, NY, USA). Unpaired Student's t-tests and χ 2 tests were used to compare the mutation status of TP53 genes between different groups with different clinical and pathological characteristics. Mann-Whitney U tests were used to compare the overall number of mutations between the group of TP53-WT (wild-type) and TP53-Mut (mutated type). The mutation number data are presented as the mean ± interquartile range. Pearson's correlation analysis was used to evaluate the correlation between the number of mutations and patient age. The statistic of overall survival (OS) were carried out using the Kaplan-Meier method, and differences between groups were evaluated using the log-rank test. To determine which independent factors had a significant impact on OS, Cox proportional hazards regression analysis was performed. P<0.05 was considered to indicate a statistically significant difference.
Results
Target capture and NGS of human gastric cancer. In the present study, a panel of 1,021 genes was investigated. A median sequencing coverage depth of 708-fold (from 14-to 1,609-fold) was achieved for 45 gastric cancer tissues. At least one somatic genomic alteration, including SNVs, Indels or CNVs, was detected in 37/45 (82.4%) patients. The maximum number of mutations identified in one tumor sample was 27 (Fig. 1A ). There were a total of 121 mutations in this cohort and the highest mutation rate was 73.4% (TP53 p.R273C; Fig. 1B) . Furthermore, somatic mutations in the TP53 gene were the most frequently identified genetic alterations, occurring in 19/45 (42.2%) samples. Somatic mutations in the MLL4 gene were the second most frequent, occurring in 5/45 (11.1%) samples (Fig. 1B) . Mutations were identified in the ERBB3, FBXW7 and MLL3 genes in more than one case. Finally, six other mutated genes (MTOR, NOTCH1, PIK3CA, KRAS, ERBB4 and EGFR) were identified in one case each (Fig. 1B) . CNVs were detected in 8 patients and ten genes ( Table I) . CNVs of ERBB2, which was the most frequent gene, occurred in 3 patients.
In the coding regions, the average number of mutations per sample was 3 (mutation range, 1-27). The somatic SNVs list is presented in Fig. 2A . The most frequently occurring variant was the percentage of C>T across the coding regions, at 52.3%. The number of SNVs per patient genome varied greatly (Fig. 2B) .
TP53 mutations are associated with clinicopathological subtypes of gastric cancer. TP53 was the most frequently mutated gene, with 12 missense, 4-frame shift, 2 non-sense and 1 splice-5 mutation (Table II) . Changes in TP53 protein are summarized in Fig. 3 . Mutational hotspots were identified in codons 91, 132, 146, 155, 156, 173, 176, 179, 195, 236, 244, 237, 273, 294 and 343. TP53 mutation rates were then compared with the clinicopathological subtypes of GC. Age, sex, histology, Lauren subtype, differentiation, venous and lymphatic invasion, staging and lymph node, liver, peritoneal and other distant metastases were risk factors included in this analysis. Two main trends were observed: i) The patients with TP53 mutations had a higher overall number of mutations (Fig. 4A); and ii) the number of mutations was significantly associated with patient age (P=0.0223, Fig. 4B ).
Although there was no evidence to suggest that TP53 mutation positivity was associated with age, sex, histology, Lauren subtype, differentiation, staging or distant metastasis, patients with TP53 mutations exhibited less venous invasion (10.5 vs. 46.2%; P= 0.011), less perineural invasion (47.4 vs. 88.8%; P= 0.019) and less severe lymph node metastasis (N0-2 vs. N3-4; 15.8 vs. 46.2%; P=0.033; Table III ). It was also reported that patients with the TP53 mutation had an improved overall survival (P= 0.109; data not shown). However, these results are contradictory to those of previous reports (22, 31) .
Discussion
In the present study, genomic alterations in 45 gastric cancer samples were detected using target capture and NGS analysis. Somatic mutations were detected in 82.4% of patients, indicating that gastric cancer is a highly heterogeneous disease. C:G to T:A transitions were more common than other single-nucleotide alterations. It has previously been reported that N-methyl-N'-nitro-N-nitrosoquanidine and N-nitroso compounds identified in food are able to induce C to T transitions (32) and are considered to be gastric carcinogens. These foods such as pickles vegetables and salted meat are commonly consumed in Chinese populations, increasing the risk of gastric carcinogenesis (33) . The results of the present study supported previous reports that C to T transitions are typical of TP53 mutations in gastric carcinogenesis. Such mutations are considered to be the result of interactions between underlying genetic factors and environmental predisposing factors (32) .
At the genetic level, TP53 is the most commonly mutated gene in human cancer (19) . TP53 negatively regulates the cell cycle and induces DNA repair under environmental pressure, serving as a tumor suppressor gene (34) . It was demonstrated that mutant TP53 acquires oncogenic properties that (35, 36) . TP53 gain-of-function actively contributes toward various stages of tumor progression whilst also increasing resistance to anticancer treatments. It may therefore be beneficial to develop molecules that are able to recover wild-type TP53 activity and remove TP53 gain-of-function mutations from the cell.
To this end, a number of studies have been performed (37) (38) (39) .
It is challenging to translate these approaches into a clinical setting; and a more accessible approach may be to target the downstream pathways mediating mutant TP53 activity. Progress has been made in this area, and a number of clinically approved drugs that target MET, EGFR and cholesterol synthesis pathways are already available (6,40). However, further research is required.
In the present study, it was demonstrated that TP53 gene mutation was the most frequent genetic change associated with gastric cancer in a Chinese population, which is consistent with the results of previous reports (16, 41) . According to the TCGA database, TP53 mutations occur in 36.4-55% of gastric cancer cases (42) . In the present study, TP53 mutations were observed in 42.2% of gastric cancer cases, which is lower than in patients from Singapore (41), but similar to patients from Hong Kong and Japan (22, 43) . In addition, patients with TP53 mutations had a significantly higher number of mutations overall, which suggested that the TP53 gene may serve a crucial role in the maintenance of genome integrity and stability. Zang et al have used whole-exome sequencing to identify frequent inactivating mutations in cell adhesion and chromatin remodeling genes in addition to TP53 mutations (41) . TP53 has been referred to as 'the guardian of the genome' (20) . Genome instability generates genetic diversity, and expedites the cell mutations and accumulation of mutated genes required to initiate tumorigenesis (44) . There are conflicting results with respect to the prevalence of TP53 mutations, as well as their association with clinicopathological features in gastric cancer (45). The present study demonstrated that the patients with a TP53 mutation had less venous invasion and perineural invasion, as well as less severe lymphoid metastasis (N3-4). The role of TP53 as a biomarker for predicting prognoses in gastric cancer was also investigated. The follow-up data demonstrated that mutations in TP53 were associated with increased survival, although there was no statistical difference. We hypothesized that this may be due to the small sample size and short follow-up time. TP53, ERBB2, ERBB3, ERBB4, EGFR, MTOR and c-MET gene alterations are emerging as potential clinical biomarkers (37) . Novel somatic gene targets, ARIDLA, FAT4 and MLL, are of increasing interest and importance (32) . In the present study, mutations were also identified in the histone methyltransferase gene MLL3 (3/45) and the MLL4 (5/45) gene in gastric cancer samples. MLL genes encode histone methyltransferases that are essential for the proper expression of a number of genes (46) . It has been suggested that mutational and expressional alterations of MLL genes are involved in various human malignancies (47) (48) (49) . Somatic mutations in the MLL3 gene have been identified in colorectal cancer (48) . Amplification of the MLL4 gene has also been revealed in glioblastomas and pancreatic cancer (49). Chen et al (16) uncovered mutations in the MLL4 gene through whole-genome sequencing of two Chinese patients with gastric cancer. Je et al (50) indicated that frame shift mutations of MLL, MLL2, MLL3 and MLL5 genes and loss of expression of MLL3 protein are common in gastric cancer with high microsatellite instability (MSI-H). In the present study, novel MLL4 frame shift mutations were identified in gastric cancer. Activating signal cointegrator-2 (ASC-2) complex, named ASCOM, contains histone H3K4 methyltransferase MLL3 or its paralog MLL4 (51) . Notably, in vivo and in vitro observations revealed that ASCOM acts as a crucial TP53 coactivator, and is necessary for H3K4-trimethylation and the expression of endogenous TP53 target genes in response to DNA damage (51) . These findings implicated MLL3/4 in the TP53 tumor suppression pathway. Taken together, these data suggested that MLL gene mutations may contribute toward oncogenesis in gastric cancer.
In summary, NGS analysis of 1,021 genes in FFPE tissue specimens from 45 gastric adenocarcinomas was successfully performed. At least one somatic genomic alteration was detected in 37/45 (82.4%) patients, and somatic mutations in the TP53 gene were most frequent. Patients with a TP53 mutation had a significantly higher number of mutations overall, indicating that the TP53 gene may serve a crucial role in the maintenance of genome integrity and stability. Tumor heterogeneity is a clear hallmark of gastric cancer. In the era of precision medicine, further research is required to investigate intratumoral heterogeneity, and develop an understanding of the potential mechanisms of tumorigenesis and potential therapeutic approaches.
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